The cell-fusing ability of Newcastle disease virus (NDV) was quantified using flow microfluorometry (FMF). The rate of polykaryocyte formation, fusion dependence on multiplicity of infection, and cell fusion differences for zI NDV strains were measured using this technique. No correlation was found between the virulence of a virus strain and its cell fusion index calculated from the FMF data.
Newcastle disease virus (NDV) is one of several lipid-containing myxoviruses that has the ability to cause cell fusion when incubated with appropriate tissue culture cells. Most NDV strains produce giant multinuclear cells (polykaryocytes) very shortly after infection and this constitutes the initial and principal indication of cytopathic effect (c.p.e.) in vitro. Two types of NDV-induced cell fusion have been reported. Fusion from without (Bratt & Gallaher, I969 ) results from infection with a very high multiplicity of infection (m.o.i.) of virulent or non-virulent strains. This type of fusion occurs within 2 to 3 h after infection. Fusion from within occurs several hours after cell infection with a moderate m.o.i. (5o to 5oo). Fusion from within is dependent on virus replication. This paper deals with cell fusion resulting from cell infection at multiplicities ranging from o'5 to 5oo (i.e. fusion from within).
A larger number of NDV strains have been isolated and characterized. The virulence of these strains has been divided into three groups, depending on the time required to kill chicks and embryos (Hanson & Brandley, I955) . Velogenic strains are highly pathogenic and kill embryos in 4o to 6o h, mesogenic strains are intermediate in pathogenicity and kill embryos in 6o to 9o h, and lentogenic strains are designated as requiring more than IOO h to kill embryos. Velogenic strains can be subdivided further, depending on whether viscerotropic (VVNDN) or neurotropic (VNNDV) lesions are present in the chicken (Hanson et al. I973) .
Reeve & Poste 0970 reported that the degree of polykaryocytosis provided a useful in vitro marker for characterizing virulent strains. This result was not in agreement with those reported by Kohn & Fuchs (I969) and by Bratt & Gallaher (I969) , although proceddural variations could account for the observed differences. Procedures for determining the cell fusion capability of a particular NDV strain rely on manual counting of the number of nuclei present in a polykaryocyte. May Griinwald staining is used to increase the contrast between single and fused cells for microscopic observation and counting. The manual method for determining the fraction of fused cells requires considerable patience and time which results in counting a relatively small number of cells and hence limited counting statistics. When a relatively small number of cells is counted, it is difficult to determine accurately the fusion index for strains producing very few polykaryocytes. Even with staining to enhance cell boundaries, problems of resolving single and multinucleate cells are encountered. This paper describes a new and rapid technique for quantifying cell fusion. In addition, the technique is used to characterize the kinetics of cell fusion and to quantify total cell fusion produced by any of 21 NDV strains.
Quantification of cell fusion was simplified by using flow microfluorometry (FMF) to measure the total amount of DNA in each giant cell or polykaryocyte. Both the number of fused cells and an estimate of the number of nuclei per fused cell are counted using this procedure. The statistical accuracy and precision obtained are considerable when looking for a few fused cells in thousands of normal cells and for distinguishing NDV strains with similar fusion capabilities. This method of quantifying cell fusion offers several advantages over the classical technique of manually counting fused cells on a slide: (a) IO 5 cells can be counted in ~ rain; (b) data are automatically recorded; (c) in addition to cells from the monolayer, cells floating free in suspension can be evaluated; and (d) very low levels of induced cell fusion can be detected easily.
METHODS
Virus strains and stock preparation. Fifteen strains of virus were obtained from Dr R. P. Hanson and Dr J. Spalatin of the University of Wisconsin. These 15 strains were initially supplied as 'unknowns' and are listed in Table I . The Roakin-Salsbury, Texas GB, Fontana, California RO, LaSota, and B-I strains were provided by the Veterinary Services Laboratory of the U.S. Department of Agriculture in Ames, Iowa. Stocks were grown in the allantoic fluid of Io-day-old COFAL-negative embryonated eggs obtained from SPAFAS, Inc., Roanoke, Ill. Allantoic fluid was harvested after 48 h, frozen at -70 °C, thawed and centrifuged at low speed to remove large debris. The virus titre (p.f.u./ml) for each strain was determined using primary chick embryo fibroblast monolayers (Barahona & Hanson I968 ) . Samples from each of the stocks of the I5 'unknown' strains were submitted to two independent laboratories for evaluation of virulence by pathogenicity index and mean death time (National Academy of Sciences-National Research Council, i963; Waterson et al. 1967) . Results of the evaluation and strain number used to simplify identification are shown in Table I .
For some experiments, a few strains (I, 2, 4, 6, I I and Texas GB, see Table I ) were selected for further purification by centrifugation at 3oooo g in a Spinco type 3o rotor for 6o rain (Clavell & Bratt, I972) and for further purification by velocity sedimentation as described by Bratt & Rubin 0 967) .
Tissue culture preparation. Chick embryo fibroblast (CEF) cultures were prepared from Io-day-old embryos and grown in I99 medium (Gibco) plus 5 % tryptose phosphate broth and 5 % cadet calf serum. When preparing multiple tissue culture flasks, precautions were taken to ensure that all flasks were inoculated with the same number of cells and handled as uniformly as possible. The human amnion cell line FL was obtained from Dr J. Fogh at Sloan-Kettering Cancer Institute in New York City. FL cells were used in several experiments because of their ease in handling and due to the fact that they were an established cell line. McCoy's medium (Gibco) plus IO% cadet calf serum was used to grow FL cells.
Cell fusion assay procedure. Cell fusion experiments were carried out in the following manner. Confluent cell monolayers containing about 0. 7 x io 6 to 5 x io 6 cells/flask (Falcon no. 3024, 75 cm2) were rinsed with serum-free medium just before infection. The number of cells per flask was determined by dispersing them and using a Coulter counter. The appropriate amount of virus was added to replicate flasks to provide a multiplicity of infection in the range ofo'5 to 5oo p.f.u./cell. Virus was added to just enough serum-free medium to cover the cell monolayer. Virus attachment was allowed to proceed for 6o rain and then medium containing serum and 5 % tryptose phosphate broth was added to the flask. The cell monolayer and virus were incubated for the indicated amount of time at 37"5 °C in a 5 % CO2 in air incubator. Cell monolayers were also grown on 60 x I5 mm tissue culture dishes and infected with NDV using the same procedure as for the 75 cruz flasks except that, following incubation, the cells were not removed but instead were washed and stained for microscopic observation. Cellular vacuolization, cytoplasmic granularity and inhibited cell growth were observed for NDV strains producing little cell fusion.
Because it was desirable to have only single and fused cells with a minimum amount of cell clumping, the protocol developed by Tobey et al 0972) for preparing cells for flowthrough analysis with minimal cell loss and morphological change was used. Cell monolayers were treated with a dispersal solution containing o.oI % trypsin and o'5 mM-EDTA. Medium from the flask was also centrifuged and treated with the same dispersal solution to recover polykaryocytes which were observed floating after I8 h of incubation. Cells recovered from suspension were combined with those from the monolayer. Following a 5-min dispersal, a neutralizing solution containing soybean trypsin inhibitor (o.2 mg/ml) A confluent monolayer of CEF cells (7 x IO/flask) was infected with a m.o.i, of too, incubated for ~8 h, dispersed, fixed, and stained using the fluorescent acriflavine-Feulgen technique. The argonion laser was tuned to 488 nm. The two DNA distributions (control and infected) were computer normalized to a constant number of cells under the G~ peak; thus, the dotted line illustrating the DNA distribution of NDV-infected CEF cells merges with the control population in the region of the G~ peak.
and DNase (o.oI mg/ml) was added briefly to inhibit tryptic action further and to destroy the extracellular DNA that causes cell clumping. The cell suspension was then either resuspended in the DNA-specific fluorochrome mithramycin according to the procedure of Crissman & Tobey 0974) or fixed in a 4% formalin solution for I6 to 24 h and the DNA stained using the acriflavin-Feulgen technique (Kraemer et al. I972) . The DNA content of single cells and polykaryocytes was measured using the FMF.
The FMF instrument used to make these measurements was previously described (Holm & Cram, I973; Mullaney et al. I974 ) and consists of a focused laser beam through which the cells pass one at a time. As each stained cell traverses the laser beam, it emits a fluorescence pulse proportional to its DNA content, and the amount of fluorescence is measured and recorded. Polykaryocytes formed as a result of NDV fusion will contain a complement of DNA proportional to the number of cells fused together. Several DNA fluorescent staining techniques have been developed that result in quantitative DNA per cell measurements ( DNA. In the experiments reported here, the number of cells counted under the highest (GO peak was normalized by computer so that comparisons of cell fusion produced by different virus strains could be made.
RESULTS Fig. I . illustrates typical FMF-DNA distributions obtained from both control and NDV-infected CEF cells. Unlike most DNA distributions, the data are plotted on a semilog scale to enhance the region of interest (shown as a shaded area). The main peak for control CEF (channel 13) consists of cells in the G 1 phase of their life cycle, followed by a continuum of cells with increasing amounts of DNA (S-phase cells) and a second peak consisting of cells in the G2 and M phases (channel 27). Beyond the G2+M peak are counts consisting of a few clumped cells, normally occurring polykaryocytes and some small amount of bright fluorescent debris. The total area to the right of the G2 + M peak of the control distribution amounts to I. 1% of the total number of cells counted under the control G1 peak.
CEF cells infected with California RO strain have a DNA distribution with increased numbers of cells in S and G2 + M. In addition, the presence of polyploid cells is evidenced by a large increase in number of cells falling between channels 34 and Ioo. The cell population in channel 4I can be accounted for by fusion occurring between a G1 cell and a G~ or M cell or three Gz cells. The peak in channel 55 is attributable to fusion between either four G1 cells or two G2 or M cells. The increased number of cells in S and some of the increase in the G2+ M peak can be attributed to a shift in the life-cycle distribution of infected cells due to a change in metabolic rate. Part of the increase in the G2+M peak could be attributed to fusion between two G1 cells. Thus, one of the in vitro effects of NDV infection was to alter the cell-cycle distribution by increasing the fraction of cells in S or DNA synthetic phase. In Fig. I and 4, each distribution was normalized by computer to contain the same number of counts in the Gx peak and then plotted. In Fig. I , the shaded area between the two distributions represents the number of fused cells caused by virus action. To quantify the amount of fusion produced by a NDV strain, a fusion index (FI) was calculated based on the number of polykaryocytes (multinucleated cells) in an infected sample compared with the number in a control sample. An infected average DNA content (DNA 0 and an average DNA content of the control cells (DNAe) were defined by DNA~ or DNAe = ~ (channel number multiplied by the number of cells per channel) divided by ~] (cell counts). The fusion index is defined as the ratio of the infected average to the control average: FI = DNA~/DNAe. A threshold was set when calculating a fusion index such that counts arising from the G1 peak and fluorescent debris located to the left of the G1 peak would be excluded. Thus, the FI represents the increase in DNA content of infected cells relative to the control.
Using basically the same procedure for measuring cell fusion as illustrated in Fig. I , the rate of polykaryocyte formation was measured for the NDV strains listed in Table I . Identically prepared flasks of CEF cells were infected with a m.o.i, of 2o and incubated for the times indicated in Fig. 2 . The increase in fusion as a function of time for five representative strains was selected for illustration in Fig. 2 . Beyond 28 to 3o h, cell loss becomes a severe problem. For most strains, a maximum amount of fusion occurs prior to about 18 h; however, strain no. I I (Mass-4F) and Fontana did not reach a plateau level until about 2I h. In this regard, these two strains were unique among those tested. Massive cell lysis was a problem for a few strains when incubation lasted beyond 2o h. Microscopic observation of stained infected monolayers showed that this cell lysis is primarily an effect of the virus and not the preparation of cells for analysis on FMF. To avoid this problem, most post-infection incubation periods were for about 18 h. If an 8 h infection period was used, the relative amount of cell fusion produced by strain I (Paraguay-You 7o) would be even greater than strain 9 (Iowa-23-I946) which ranks first at I2 to 28 h. Therefore, it is Fig. I , the distribution from each sample was normalized to contain the same number of cells in the Gz peak as the control before plotting. Eighteen NDV strains were analysed simultaneously in this manner, six of which were selected for this figure. Only strain no. 9 produced any significant amount of cellular debris, as shown in channels o to 2o to the left of the Gz peak.
imperative to have a complete picture of the kinetics and other parameters affecting the formation of polykaryocytes. The relatively slow rate of polykaryocyte formation indicates that the mechanism being measured here is indeed 'fusion from within' compared with the almost instantaneous 'fusion from without' described by Kohn & Fuchs (I969) .
The importance of cell density on the ability of DNV strains to fuse CEF was determined to be of secondary importance. As cell density increases (greater cell-to-ceU contact), cell fusion also increases. Above a cell density of about Io 6 CEF cells/T-75 flask (e.g. a confluent monolayer), no correlation was found between cell density and fusion index. Table I , all NDV strains were tested in an identical manner. Between a m.o.i, of Io and too, the FI has reached a plateau for most strains. At m.o.i. values greater than Ioo, some strains demonstrate an increase in FI with m.o.i.
Based on the findings illustrated in Fig. 2 and 3 that an optimum amount of cell fusion could be obtained at I6 to I8 h using a m.o.i, of between Io and IOO, I8 of the strains listed in Table I were repeatedly compared for their ability to fuse CEF. The results are illustrated in Fig. 4 and 5. The relative degree of cell fusion for six NDV strains can be easily visualized in Fig. 4 . As additional strains were tested, the DNA distributions such as illustrated in Fig. 4 began to overlap, as expected. A FI was calculated for each of the 18 strains and is plotted in Fig. 5 in descending order of ability to promote cell fusion. The integrated area between the individual distributions in Fig. 4 is more significant than might appear, due to the fact that the ordinate is a log scale. Reproducibility between experiments is very good, as illustrated in Fig. 5 . Although there are no curves in Fig. 4 or values in Fig. 5 for the lentogenic strains (B-I and LaSota), they were evaluated extensively in other experiments and were found to produce a small amount of cell fusion. In contrast to the results of Reeve & Poste 0970, our data indicate a lack of any correlation between virus virulence and degree of cell fusion.
Further purification of strains I, z, 4, 6, r I and Texas GB by high-speed centrifugation and velocity sedimentation (see Methods) was undertaken to determine if highly purified virus and our standard virus preparations differed in their ability to fuse cells. Virus recovered after high-speed centrifugation and virus purified by both high-speed centrifugation and velocity sedimentation were compared with the regular virus stocks for cell fusion capability, but the relative degree of cell fusion for these six NDV strains was unaltered. Characterization of virus properties is extremely important for understanding their functional mechanisms, as well as for disease surveillance where additional virus markers are needed for epidemiological studies. Our purpose in this work was to develop a rapid technique for quantifying cell fusion. The second goal was to determine if the FMF technique of fusion quantification would confirm Reeve & Poste's results (197I) . The results presented here indicate that cell fusion can be quantified easily by using a flow microfluorometer to analyse the amount of DNA per polykaryocyte which, in turn, is proportional to the number of fused single cells. The technique offers both simplicity and high resolution. Fluorescence staining was accomplished by either the acriflavine-Feulgen technique or with mithramycin. Comparable results were obtained with both fluorochromes when using CEF cells. Mithramycin offers the advantage of being a one-step fixation and staining protocol following cell dispersal. In contrast, acriflavine-Feulgen staining requires many additional centrifugation steps and, as a result, many large fragile cells are lost, reducing cell fusion indices and therefore reducing resolution between similarly fusing strains.
The high resolution afforded by this technique of quantifying cell fusion was realized when comparing three Roakin strains. Roakin-Salsbury, a commercial vaccine preparation, Roakin from the American Type Culture Collection and a Roakin reference strain from the U.S. Department of Agriculture were compared for their ability to fuse CEF. The reference strain reproducibly resulted in less fusion than did the other two strains which were similar. Re-evaluation of mean death time (MDT) for all three strains indicated a slightly longer MDT for the Roakin reference strain. The different virulence and corresponding difference in our measured cell fusion index for the Roakin reference strain imply excellent sensitivity. Comparisons made among lentogenic strains confirmed the ability of cell fusion analysis to measure small differences among similar lentogenic strains (L. S. Cram & P.D. Beard, unpublished results).
Additional cell lines known to be susceptible to fusion were compared. VERO, FL, CHO, BHK/2I, and HEL were incubated with several NDV strains and found to be less susceptible to cell fusion than were CEF. FL cells were the most extensively characterized. All FMF experiments presented in this paper were also carried out using FL cells. The rate of polykaryocyte formation, effect of m.o.i., time of incubation and effects of cell density resulted in data comparable to that presented for CEF cells. Therefore, similar conclusions were derived from the FL data as from the CEF data.
If a small number of NDV strains is used, it is easy to conceive how an apparently positive correlation between cell fusion and virulence could be found. Therefore, it is imperative that a fairly large number of strains be included in such a study. When comparing the 2I strains included in this study, it is interesting to note that three VVNDV (numbers x, 2 and 3) strains showed the lowest fusing ratio of all strains. Whether or not there is a distinction between V VNDV and VNNDV strains which correlates with the location of the lesions that distinguish the two types is difficult to ascertain at this time. It is clear, however, that the virulence of NDV strains cannot be correlated with cell fusion as measured by FMF.
The results presented here agree with the findings of Bratt & Gallaher (I969) who were unable to detect extensive cell fusion with small inocula of the virulent strain Hefts. Our results also agree with the findings of Kohn & Fuchs 0969), although they were using very large multiplicities and short incubation periods (i.e. fusion from without). The results of our experiments are in disagreement with those of Reeve & Poste 0970 who found a direct correlation between the capacity of seven NDV strains to induce cell fusion and their virulence for chicks and fertile eggs. Conditions of infection used in this report are very similar to those employed by Reeve & Poste (197I) . Because of the relative ease with which it is possible to determine a FI for a given set of conditions, we were able to cover a broad range of parameters for a large (relative to other reports in the literature) number of NDV strains. Using the techniques employed in this study, a complete analysis of cell fusion as a function of time, m.o.i, and cell density is now possible for the first time. Although it can be argued that our ranking of the 18 strains is subject to selection of an 18 h incubation time compared with an 8 h incubation time, the results still indicate that polykaryocytosis could not be used as an in vitro marker for NDV virulence.
Quantification of cell fusion using flow systems should also be useful for analysing fusion produced by other virus systems such as Sendai virus and chemicals such as lysolethicin. Naturally occurring cell fusion such as the differentiation of myoblasts to form multinucleated myotubes (Yeoh & Holtzer, 1977) could be quantified using the system described here.
